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ABSTRACT
Current treatments for Alzheimer’s disease (AD) help reduce symp-
toms for a limited time but do not treat the underlying pathology. To
identify potential therapeutic targets for AD, an integrative network
analysis was previously carried out using 364 human postmortem
control, mild cognitive impairment, and AD brains. This analysis
identified proline endopeptidase–like protein (PREPL), an under-
studied protein, as a downregulated protein in late-onset AD pa-
tients. In this study we investigate the role of PREPL. Analyses of
data from human postmortem samples and PREPL knockdown
(KD) cells suggest that PREPL expression modulates pathways
associated with protein trafficking, synaptic activities, and lipid
metabolism. Furthermore, PREPL KD impairs cell proliferation
and modulates the structure of vesicles, levels of neuropeptide-
processing enzymes, and secretion of neuropeptides. In addition,
decrease in PREPL levels leads to changes in the levels of a number

of synaptic proteins as well as changes in the levels of secreted
amyloid beta (Ab) 42 peptide and Tau phosphorylation. Finally, we
report that local decrease in PREPL levels in mouse hippocampus
attenuates long-term potentiation, suggesting a role in synaptic
plasticity. Together, our results indicate that PREPL affects neuro-
nal function by modulating protein trafficking and synaptic function,
an importantmechanism of AD pathogenesis.

SIGNIFICANCE STATEMENT
Integrative network analysis reveals proline endopeptidase–
like protein (PREPL) to be downregulated in human sporadic
late-onset Alzheimer’s disease brains. Down regulation of
PREPL leads to increases in amyloid beta secretion, Tau phos-
phorylation, and decreases in protein trafficking and long-term
potentiation.

Introduction
Alzheimer’s disease is one of the most common forms of demen-

tia, affecting nearly 5.8 million people in the US in 2020 (Matthews
et al., 2019). It is projected that by 2040, the treatment of AD

in the US will cost �$500 billion annually (Hurd et al., 2013).
Unfortunately to date, the cellular and molecular basis of AD
pathogenesis remain largely unknown and no effective treat-
ment is available to prevent, stop, or delay AD progression.
Two major pathologic hallmarks of AD have been exten-

sively studied: 1) the extracellular amyloid plaques derived
from aggregation of amyloid beta (Ab) peptides and 2) intra-
neuronal neurofibrillary tangles (NFTs) caused by Tau hy-
perphosphorylation (Spires-Jones and Hyman, 2014). These
pathologic hallmarks have been associated with synaptic loss
in the central cortex and hippocampus and subsequent memory
impairments (Oboudiyat et al., 2013). Beyond these two mainly
studied molecular markers of AD, the cellular and molecular
basis of AD pathogenesis remain largely unknown, and novel
therapeutic strategies for AD are urgently needed for better
disease management.
Recent studies revealed the existence of a unique set of ge-

netic risk factors for late-onset AD (LOAD) (Zhang et al., 2013).
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These genetic risk loci seem to cluster in patterns associated
with genes related to immune responses, lipid processing, and
endocytosis (Bettens et al., 2013). To characterize molecular
markers responsible for AD progression, studies performed un-
der the Accelerating Medicine Partnership Program for Alz-
heimer’s Disease (AMP-AD) Consortium using human brain
samples from the National Institute on Aging and the Mount
Sinai Brain Bank Alzheimer’s Disease Cohort predicted causal
regulators for Alzheimer’s disease (Wang et al., 2018). Data
were extracted from whole genome sequencing, whole exome se-
quencing, RNA-sequencing, and proteome profiling from multi-
ple regions of 364 human postmortem control, mild cognitive
impairment (MCI), and AD brains, with rich clinical and patho-
physiological information (Zhang et al., 2013; Zhang and Zhu,
2013; Wang et al., 2018; Beckmann et al., 2020). The resulting
multiscale network modeling analysis identified potential key
regulators of AD pathogenesis, including proline endopepti-
dase–like protein (PREPL) (Zhang et al., 2013; Zhang and Zhu,
2013; Beckmann et al., 2020; Wang et al., 2021).
PREPL, a protein reported to be downregulated in late-

onset AD patients (Zhang et al., 2013; Beckmann et al., 2020;
Wang et al., 2021), is highly expressed in the brain and at re-
duced levels in skeletal muscle, heart, and kidneys (R�egal
et al., 2018). In mouse brain, PREPL is expressed in regions
related to learning, memory, coordination of motor function,
and modulation of arousal (Morawski et al., 2013). PREPL is
thought to play an important role in executing higher cogni-
tive commands (D’Agostino et al., 2013), and thus PREPL de-
ficiency in AD could ultimately contribute to the disease
development.
Previous studies reported that PREPL deficiency is associ-

ated with a recessive metabolic disorder known as congenital
myasthenic syndrome-22. Patients with this condition suffer
from severe neonatal hypotonia, eyelid ptosis, feeding prob-
lems, and growth hormone deficiency (R�egal et al., 2014,
2018). Recent studies to explore the mechanism of action of
PREPL led to the observation that there are two isoforms
and that they exhibit distinct subcellular localizations. The
longer isoform, PREPLl, has mitochondrial localization and
plays a role in maintaining mitochondrial homeostasis (Rosier
et al., 2021). The shorter isoform, PREPLs, has cytosolic locali-
zation, interacts with clathrin-associated adaptor protein com-
plex-1 (AP-1), and affects vesicular trafficking. The molecular
mechanism by which PREPL functions is unknown, although a
recent study has suggested that it could function as a depalmi-
toylating enzyme due to its (thio)esterase activity (Rosier et al.,
2021).
Here we began to investigate the role of PREPL dysregula-

tion in AD and the mechanisms by which PREPL deficiency
could contribute to the AD pathophysiology. Our results sug-
gest that PREPL is progressively downregulated in brain
samples with higher clinical dementia scores. Using multio-
mics analysis, we found that PREPL expression modulates
pathways related to synaptic processes, protein trafficking,
and lipid metabolism. PREPL knockdown (KD) impairs cell
proliferation, disrupts intracellular vesicle structures, and
modulates expressions of key neuropeptide processing en-
zymes, vesicle-associated membrane proteins, and secreted
neuropeptides. PREPL KD increases extracellular levels of
Ab 42 peptide and Tau phosphorylation. Finally, we show
that local decreases in PREPL expression in hippocampus
correlate with attenuation of long-term potentiation. Taken

together, our results indicate PREPL as a novel player in AD
pathogenesis.

Materials and Methods
Antibodies. Anti-golgin-97 (#A21270; Invitrogen); anti-adaptin-

gamma (#610386; BD Transduction Laboratory); anti-calnexin
(#2679; Cell Signaling); anti-actin (#A4700; Sigma); anti-alpha-tubu-
lin (#A11126; Invitrogen); anti-beta-tubulin III (#T8660; Sigma);
anti-TGN38 (#MA3-063, Invitrogen; #85181S, Cell Signaling); anti-
GAPDH (#MA5-15738; Invitrogen); anti-PREPL (#SAB1401484;
Sigma); anti-Rab5 (#3547T; Cell Signaling); anti-Rab7 (#9367T, Cell
Signaling); anti-Rab9 (#5133S; Cell Signaling); total Tau (#AVG702-
A11, antigenic sequence G(D)RSGYSSPGSPGTPGSRSRT; Avant-
Gen); phospho Tau S491 (#AVG702P-G11, antigenic sequence
G(D)RSGYS(pS)PGSPGTPGSRSRT; AvantGen); phospho Tau S554
(#AVG704P-B9, antigenic sequence (K)SKIG(pS)TENLKHQPGGG;
AvantGen); phospho Tau S698 (#AVG705P-G12, antigenic sequence
KTDHGAEIVYK(pS)PVVSGD; AvantGen); monoclonal antibody to
human Tau (#MN1000; Thermo Fisher); anti-rabbit horseradish per-
oxidase (HRP) (#PI-1000; Vector); anti-mouse HRP (#PI-2000; Vec-
tor); anti-rabbit IRDye 680CW (#926-32223; LI-COR); anti-rabbit
IRDye 800CW (#926-32213; LI-COR); anti-mouse IRDye 680CW
(#925-68070; LI-COR); IRDye Streptavidin 800CW (#926-32230; LI-
COR); goat anti-rabbit Alexa Fluor 568 (#A11011; Invitrogen); goat
anti-mouse Alexa Fluor 488 (#A11001; Invitrogen); and goat anti-
mouse Alexa Fluor 568 (#A11031; Invitrogen).

shRNA Sequences. shPREPL_A (AATACACGGAATGCTTTAC-
TATGTTGAGCAT); shPREPL_D (CGAGTGCCGCTGAAAGGAATCGTG
AACTA); Scramble (GGGTGAACTCACGTCAGAA); shTAU (GACAGAG
TCCAGTCGAAGATT).

Bayesian Network Analysis. We focused on network analysis
using transcriptomic data from the human parahippocampal gyrus
(PHG) region, as it has been identified as the most vulnerable region
to LOAD pathology in the Mount Sinai Biobank cohort according to
our pancortical selective vulnerability analysis in LOAD (Wang
et al., 2016). Bayesian causal network was constructed by integrat-
ing genome-wide gene expression, whole-genome sequencing (WGS)
single-nucleotide polymorphism (SNP) genotype, and known tran-
scription factor (TF)-target relationships. Briefly, we first computed
expression quantitative trait loci (eQTLs) and then employed a for-
mal statistical causal inference test (CIT) (Millstein et al., 2009) to
infer the causal probability between gene pairs associated with the
same eQTL. The causal relationships inferred were used, together
with TF-target relationships from the ENCODE project, as struc-
tural priors for building a causal gene regulatory network from the
gene expression data through a Monte Carlo Markov Chain (MCMC)
simulation-based procedure (Zhu et al., 2007). We followed a network
averaging strategy in which 1000 networks were generated from the
MCMC procedure starting with different random structures, and
links that were shared by more than 30% of the networks were used
to define a final consensus network structure. To ensure that the con-
sensus network is a directed acyclic graph, an iterative deloop proce-
dure was conducted, removing the most weakly supported link from
all links involved in any loop. Following Zhang et al. (2013), we per-
formed key driver analysis (KDA) on the consensus Bayesian net-
work to identify key hub genes that regulated a large number of
downstream nodes. We used existing software tool RIMBANet for
constructing the Bayesian network. The software tool and sample us-
age are available at https://labs.icahn.mssm.edu/zhulab/software/.
An easy-to-use pipeline for running RIMBANet is available from Gi-
tHub at https://github.com/mw201608/BayesianNetwork.

PREPL-Centric Differential Pathway Correlation Analy-
sis. To test if any particular gene ontology (GO) pathway showed dif-
ferential mRNA gene expression correlation with PREPL in AD
brains, we first computed the Spearman’s correlation between
PREPL and all other genes annotated in the GO/pathway gene sets
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curated in the MSigDB (v6.1) for demented brains (CDR $1) and
nondemented control brains (CDR <1) of the Mount Sinai Biobank
(MSBB) cohort separately. Then for each GO/pathway gene set, the
Wilcoxon paired rank sum test was employed to compare the
PREPL-centric correlation coefficients (r) between demented and
nondemented control brains. P value significance was adjusted by
false discovery rate.

RNA Sequencing Analyses. The pair-ended raw sequencing
reads were aligned to mouse mm10 genome using STAR aligner (ver-
sion 2.5.3a). After read alignment, featureCounts (v1.4.6) was used
to quantify expression at the gene level based on the GENCODE
gene model GRCm38.p5 release M15. Genes with at least 1 count
per million (cpm) in at least one sample were considered expressed
and hence retained for further analysis; others were removed. The
gene read counts data were normalized using the trimmed mean of
M-values normalization (TMM) method (Robinson and Oshlack,
2010) to adjust for sequencing library size differences. Hierarchical
cluster analysis was performed using R programming language. Dif-
ferential gene expression between sample groups was calculated by a
linear model analysis using the Bioconductor package limma (Law
et al., 2014; Ritchie et al., 2015). To adjust for multiple tests, false
discovery rate (FDR) was estimated using the Benjamini-Hochberg
(BH) method (Hochberg and Benjamini, 1990). Genes showing at
least 1.2-fold changes and FDR-adjusted P values less than 0.05
were considered significant. Gene functional enrichment analysis
was executed using hypergeometric test based on Broad Institute’s
MSigDB annotation (Subramanian et al., 2005).

Mass Spectrometry Sample Preparation and Data Analy-
sis. Neuro2A wild-type and shPREPL A knockdown cells were pel-
leted at a concentration of 250,000 cells per tube. After three washes
with PBS containing protease and phosphatase inhibitors, the cell
pellet was fast frozen on dry ice. A total of three samples per condi-
tion was subjected to proteomic analysis at the Yale/NIDA Neuropro-
teomics Center essentially as described (Mansuri et al., 2020). The
MS/MS spectra analysis and the protein identification were per-
formed essentially as described (Hirosawa et al., 1993; Perkins et al.,
1999) using the Mascot Distiller program (Perkins et al., 1999). Pro-
teins with 21 unique peptides and P < 0.005 were selected. The de-
termination of protein normalized abundance was calculated using
Progenesis QI v3.0 software. Similar to differential gene expression,
linear model implemented in limma (Ritchie et al., 2015) was used to
compute differential protein expression between sample groups and
then FDR was estimated using BH method (Hochberg and Benja-
mini, 1990). Proteins showing at least 1.2-fold changes and FDR-
adjusted P values less than 0.05 were considered significant. Func-
tional enrichment analysis was performed using hypergeometric test
based on Broad Institute’s MSigDB annotation (Subramanian et al.,
2005).

Cell Culture and Transfection. Neuro2A (N2A) and HT22 cells
were cultured at 37�C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. piLenti-shRNA-GFP vectors expressing
mouse PREPL shRNA and scrambled shRNA were purchased from
ABM Good Inc. Tau shRNA was purchased from Sigma-Aldrich. To
generate PREPL knockdown and Tau knockdown cells, N2A or
HT22 cells were transfected with PREPL shRNA (either shRNA A or
D) or Tau shRNA using TurboFect transfection reagent (#RO534;
Thermo Fisher) according to the manufacturer’s protocol. After 48
hours, positively transfected cells were selected by adding puromycin
at a final concentration of 1.6 lg/ml. Monoclonal cell populations
were generated by limiting dilution. For this, transfected cells were
removed from the culture plate by trypsinization and single-cell sus-
pensions were generated by up and down pipetting through a sero-
logical pipette. Cells were then diluted and seeded into a 96-well
plate at a density of 1 cell per well. As cells expanded to confluency,
the different clones were assessed by quantitative polymerase chain
reaction (qPCR) and immunofluorescence (IF) imaging to select the
clones with effective PREPL or Tau knockdown. We used N2A and

HT22 wild-type cells transfected with scramble shRNA as controls.
Cell lines with PREPL-specific shRNA (construct A or D) knockdown
are considered as experimental conditions. For PREPL rescue experi-
ments, cell lines with PREPL-specific shRNA knockdown were trans-
fected with human PREPL GFP (clone ID: OHu11820C; GenScript)
using TurboFect transfection reagent and cells were grown in the
presence of puromycin (1.6 lg/ml) and G418 (500 lg/ml). N2A cells
stably expressing amyloid precursor protein (N2A APP) were gener-
ated using TurboFect transfection reagent (#RO534; Thermo Fisher)
according to the manufacturer’s protocol; cells were grown in the
presence of 500 lg/ml G418.

Quantitative Polymerase Chain Reaction. For the qPCR
analysis, the mRNA was extracted from the cells as described by the
manufacturer (#74104; Qiagen). cDNA synthesis was carried out us-
ing SuperScript IV VILO (#11754050; Thermo Fisher) and 2 lg of
RNA as described by the manufacturer. The qPCR reaction was car-
ried out as described by the manufacturer (#204143; Qiagen) using
the PREPL Primers (FW: TGGAGAGCTTCGGTTTCTCG and RV:
CTTGGCAGGCGGGACTTAAT) at a final concentration of 100 nM
and the cDNA at a concentration of 2.5 ng/ll. The qPCR reaction
used SYBR Green dye, and the plate was read at the qPCR Core Fa-
cility at Mount Sinai.

Live Cell Imaging. For phase-contrast microscopy, 10-cm2

dishes (#430167; Corning) containing N2A cells or corresponding
PREPL KD cells in growth media lacking phenol red were imaged at
20× magnification using a Zeiss Vert A1 microscope. For confocal mi-
croscopy, 35-mm glass bottom dishes with a 14-mm microwell (#P35G-
1.0-14-C; MatTek) were pretreated with poly-D-lysine (#P0899; Sigma-
Aldrich) for 1 hour at room temperature, washed three times with PBS
(5 minutes each), air-dried, and sterilized overnight under UV light in a
tissue culture hood. N2A cells and corresponding PREPL KD cells
(5000 cells) were seeded into the 14-mm microwell and allowed to at-
tach. The next day, cells were incubated overnight at 37�C with 1:200
dilution of CellBrite red cytoplasmic membrane dye (#30023; Biotium).
Staining media was removed, and cells were washed three times (5 mi-
nutes each wash) with growth media without phenol red. Cells were im-
aged using a Zeiss LSM 880 confocal microscope with a 63× oil lens for
a final magnification of 100×.

Confocal Microscopy. N2A and corresponding PREPL KD cells
(5000 cells) were seeded into poly-D-lysine–coated 35-mm glass-bot-
tom dishes with a 14-mm microwell and allowed to attach overnight
in complete growth media. Cells were rinsed with sterile PBS for
5 minutes, fixed with 4% paraformaldehyde in PBS (pH 7.4) for
15 minutes, and washed twice with cold sterile PBS. Cells were per-
meabilized using 0.2% Triton-X-100 in PBS for 10 minutes, followed
by three washes (5 minutes each) with PBS. Cells were incubated
with 1 ml blocking buffer [PBS containing 0.2% Triton-X-100 and 2%
normal goat serum (#005-000-121; Jackson ImmunoResearch Labo-
ratories)] for 1 hour at room temperature, followed by overnight incu-
bation at 4�C with anti-PREPL antibodies (1:500 in blocking buffer
for N2A cells) and with antibodies to intracellular vesicle markers
(1:200 in blocking buffer for N2A cells and corresponding PREPL KD
cells). Cells were washed three times with sterile PBS (5 minutes
each wash) and incubated for 90 minutes at room temperature (pro-
tected from light exposure) with 1:1000 dilution (in blocking buffer)
of goat anti-rabbit Alexa Fluor 568 (#A11011; Invitrogen) or goat
anti-mouse Alexa Fluor 488 (Invitrogen, #A11001). Cells were
washed three times with sterile PBS (10 minutes each wash) fol-
lowed by the addition of Pro-Long TM Gold antifade reagent with
DAPI (#P36931; Invitrogen), kept at room temperature for 2 hours in
the dark followed by storage at 4�C until imaging. Cells were imaged
using a Zeiss LSM 880 confocal microscope with a 63× oil lens for a
final magnification of 100×.

Cell Proliferation and Clonogenic Assays. HT22, N2A cells,
and corresponding PREPL KD cells were seeded into 24-well Falcon
polystyrene plates (#353047) at 15,000 cells per well. Every 24 hours,
cells were stained with 0.2% Trypan Blue (#15250061; Gibco), and
cell numbers were counted in triplicate using a hemocytometer. In
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the rescue proliferation assay, the PREPL-GFP construct was over-
expressed in the N2A PREPL KD cells, and 24 hours later the cells
were counted as described above. In experiments examining the ef-
fect of palmostatin M (#B1193294; BenchChem), an acyl protein thio-
esterase inhibitor that blocks PREPL activity (Rosier et al., 2021),
N2A cells (10,000 cells per well) were treated with either 20 lM or
50 lM palmostatin M and cells were counted as described above after
24, 48, and 72 hours. Clonogenic assays were performed in six-well
plates with N2A wild-type and PREPL KD cells. Cells were seeded
at �200 cells per well and stained with crystal violet (0.5% w/v) after
3 weeks. The number of colonies was then counted.

Cellular Enzyme-Linked Immunosorbent Assay. A total of
1 × 105 cells per well was seeded on high-binding polystyrene 96-well
plates (#3361; Corning). After 24 hours, the culture medium was re-
moved and cells were blocked with phosphate-buffered saline (PBS)
containing 3% bovine serum albumin (BSA) and 0.1% Triton-X-100
for 60 minutes at room temperature. After the blocking buffer was
aspirated, cells were incubated with primary antibodies (1:1000 dilu-
tion in PBS/1% BSA) at 4�C overnight. The next day, wells were
washed three times for 15 minutes with PBS. Cells were then incu-
bated with the respective secondary antibodies coupled to horserad-
ish peroxidase (1:1000 dilution in PBS) for 90 minutes at room
temperature. The substrate, o-phenylenediamine (OPD), was added
at a concentration of 5 mg OPD per 10 ml of citric phosphate buffer
(0.15 M citric acid, 0.15M dibasic sodium phosphate, pH 5.0) contain-
ing 20 ll hydrogen peroxide. The reaction was terminated by the ad-
dition of 5N H2SO4, and the absorbance at 490 nm was measured
with a Bio-Rad enzyme-linked immunosorbent assay (ELISA) plate
reader.

Secretion Assay. Cells were seeded at 40%–60% confluency on
poly-D-lysine–coated 24-well plates. The wells were rinsed twice
with Mg21/Ca21-free PBS. Cells were then incubated at 37�C with
modified Mg21/Ca21-free Krebs-Ringer-HEPES–buffered basal me-
dium (KRH-basal: 25 mM HEPES pH 7.4, 125 mM NaCl, 4.8 mM
KCl, 1.2 mM KH2PO4, 5.6 mM glucose, 0.1% BSA, 1× Pierce protease
inhibitor cocktail) containing 1 mM CoCl2. Cells were then rinsed
and incubated with KRH-Basal solution without CoCl2 for 30 minutes
at 37�C. The KRH-basal was collected, and the cells were then
treated with a depolarizing KRH buffer for 30 minutes at 37�C
(KRH-depolarizing: 25 mM HEPES pH 7.4, 80 mM NaCl, 51 mM
KCl, 1.2 mM KH2PO4, 5.6 mM glucose, 0.1% BSA, 5.2 mM CaCl2,
2 mM CoCl2, 1× Pierce protease inhibitor cocktail). The KRH-
depolarizing was also collected. The collected KRH-basal and KRH-
depolarizing supernatants were added (75 ll per well) into Corning
9018 96-well plates and dried off at 37�C for 48 hours. ELISA assays
to detect secreted levels of neuropeptide AQEE were carried using an
anti-AQEE antibody (Chakraborty et al., 2006) as described under cel-
lular ELISA assays.

Receptor Internalization Assay. These were carried out essen-
tially as described previously (Mack et al., 2022). Briefly, 1.5–2 × 105

cells per well were seeded on 24-well poly-D-lysine–coated plates.
After 48 hours, wells were gently washed with cold 1× PBS and incu-
bated on ice for 60 minutes with cannabinoid 1 receptor (CB1R)
(Gupta et al., 2007) or delta opioid receptor (DOR) antibodies (1:1000
dilution in PBS containing 1% BSA) (Gupta et al., 2007; Bushlin
et al., 2012). Cells were then treated with 100 nM HU210 or 1 lM
deltorphin II for indicated times at 37�C. After removing the agonist
solution, cells were fixed with 4% paraformaldehyde for 3 minutes
and washed with PBS before adding the secondary antibodies cou-
pled to horseradish peroxidase. Absorbance at 490 nm was measured
with a Bio-Rad ELISA reader. In experiments examining the effect
of palmostatin M, cells were pretreated with 20 lM palmostatin M
for 30 minutes and receptor internalization was carried out as de-
scribed above in the presence of palmostatin M.

Immunofluorescence Assay. HT22, N2A, and corresponding
shPREPL cells were seeded at 10,000 cells per well into 96-well
plates. After 24 hours, cells were incubated with 4% paraformaldehyde
(100 ll per well) for 20 minutes for fixation and washed three times

with 1× Hank’s balanced salt solution (HBSS). Cells were then permea-
bilized with ice-cold 100% methanol (100 ll per well) for 10 minutes
and washed three times with 1× HBSS. Blocking buffer (5% FBS,
0.01% saponin in HBSS) was added (100 ll per well) for 1 hour. Pri-
mary antibodies were added at 1:500 dilution, and incubation was car-
ried out at 4�C overnight. The next day, cells were washed three times
with blocking buffer followed by incubation with Alexa Fluor secondary
antibodies (Thermo Fisher) at 1:1000 dilution for 90 minutes at room
temperature. Cells were triple washed with 1× HBSS and incubated
with DAPI (0.5 lg/ll) for 5 minutes. Immunofluorescence signals were
read in the IN Cell (GE Healthcare) plate-reader microscope with 20×
objective and five fields per well. The immunofluorescence (IF) analysis
was conducted using ImageJ and Cell Profiler. For the ImageJ analy-
ses, the region of interest was selected individually in the bright field
and the signal intensity was measured in the corresponding IF images.
The background noise was subtracted using 50 pixels roll ball radius.
Four separate fields for a total of �100 cells were measured for each
condition. For the Cell Profiler analyses, we used the protocol described
in Lemos Duarte et al. (2021).

Field Electrophysiology. Male C57BL/6J wild-type mice (Jackson
Laboratories) aged 6–8 weeks were used in these studies. Animals were
anesthetized with isoflurane following the Icahn School of Medicine at
Mount Sinai Animal Care and Use Committee (IACUC)-approved pro-
tocol. We used the protocol described by Blitzer et al. (1998) and Tsokas
et al. (2005) to obtain acute coronal slices of dorsal hippocampus.
Briefly, brains were rapidly removed from the skull and placed in an
ice-cold modified ACSF solution containing (in mM): 215 sucrose,
2.5KCl, 1.6NaH2PO4, 4MgSO4, 1CaCl2, 4MgCl2, 20glucose, 26NaHCO3

(pH 7.4 equilibrated with 95% O2 and 5% CO2). Coronal brain slices
(400 lmthick) were preparedwith aVibratomeVT1200S (LeicaMicrosys-
tems, Germany) and then incubated at room temperature in a physiologic
ACSF containing (in mM): 120 NaCl, 3.3 KCl, 1.2 Na2HPO4, 26 NaHCO3,
1.3 MgSO4, 1.8 CaCl2, 11 glucose (pH 7.4 equilibrated with 95% O2 and
5%CO2). Thehemisliceswere transferred to a recording chamber perfused
with ACSF at a flow rate of �2 ml/min using a peristaltic pump. All
recordings were performed using a MultiClamp 700B amplifier and
Digidata 1440A (Molecular Devices). Field excitatory postsynaptic
potentials (fEPSPs) were evoked by activating Schaffer collaterals
with a patch-type pipette (monopolar stimulation) filled with ACSF
and placed in the middle third of stratum radiatum 150–200 lm
away from the recording pipette and at approximately the same slice
depth (150–200 lm). Square-wave current pulses (100 ls pulse
width) were delivered by ISO-Flex stimulator (AMPI). At the start of
each experiment, an input-output (I-O) curve was constructed by re-
cording fEPSPs in response to increasing stimulus strength (1–6 lA).
Three fEPSPs per stimulus strength were recorded with intervals of
20 seconds between stimulations, starting with the lowest intensity.
The average slope of each fEPSP (in mV/ms) for each stimulus inten-
sity versus the amplitude of the fiber volley was plotted. After con-
struction of an I-O curve, a stimulus intensity that evoked a fEPSP
at 70% of the spike threshold was used in paired-pulse ratio (PPR)
experiments. To evaluate PPR, paired stimuli were delivered every
60 seconds with decreasing interstimulus intervals (100, 50, and
20 milliseconds). Each interstimulus interval was repeated three
times, and the resulting potentials were averaged. The ratio of the
average amplitude of fEPSP2/fEPSP1 was calculated. For long-term
potentiation (LTP) experiments, a baseline response was recorded
for 20 minutes and then LTP was induced by theta-burst stimulation
(TBS: four pulses at 100 Hz repeated with 10-millisecond interburst in-
tervals). Differences in the average slope during the last five minutes of
the 1-hour recording between scrambled and PREPL oligodeoxynucleo-
tide (ODN) groupswere compared for statistical analysis.

Surgery and Oligodeoxynucleotide Injections. Bilateral hip-
pocampal surgeries (4.0 mm posterior to bregma; 2.6 mm lateral
from midline; 2.0 mm ventral) were performed as described by Garcia-
Osta et al. (2006). PREPL antisense oligodeoxynucleotide (ODN)
(50-G*T*T*AGTCGGCCATCGGCA*T*G*C-30) and scrambled ODN
(50-T*T*C*TCCGAACGTGTCAAT*C*G*T -30) dissolved in PBS
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(2 nmol/ll) were injected bilaterally into the hippocampi 5 hours be-
fore LTP recording. Both ODNs were phosphorothioated on the three
terminal bases at each end to protect against nuclease degradation.
ODNs were reverse phase cartridge purified and purchased from
Gene Link (Hawthorne, NY). ODN injections were performed as de-
scribed previously (Garcia-Osta et al., 2006).

Acyl-Biotin Exchange Assay. Sixty to eighty percent confluent
cells in a 10-cm2 dish were scraped off in 500 ll lysis buffer (LB: 1%
IGEPAL, 50 mM Tris-HCl, 150 mM NaCl, 10% glycerol, 1× protease
inhibitor cocktail, pH 7.5) and collected in Eppendorf tubes (1.7 ml).
The entire experiment was carried out at 4�C on ice unless otherwise
stated. Cells were then passed through the insulin syringe (28G)
15–20 times and sonicated for 20 seconds on ice. The lysate was
centrifuged at 14,000 rpm at 4�C for 15 minutes. Meanwhile, 2 M
N-ethylmaleimide (NEM) stock solution was made fresh in 100% eth-
anol. After centrifugation, the supernatant was mixed with 2 M
NEM stock in another set of prechilled tubes to reach a final NEM
concentration of 50 mM. The tubes were briefly vortexed and incu-
bated on a rocker at 4�C overnight. The next day, 1.2 ml cold metha-
nol (at �60�C) was added to each tube followed by incubation on dry
ice for 30 minutes. The tubes were then centrifuged at 14,000 rpm at
4�C for 3 minutes. The supernatant was discarded, and the pellet
was resuspended in 100 ll solubilization buffer (SB: 4% SDS, 50 mM
Tris-HCl, 5 mM EDTA, pH 7.2). The volume was then scaled up to
500 ll with LB, pH 7.2. The lysate was then split equally into two
tubes followed by addition of 2 M hydroxylamine solution (HAM
solution: 2 M HAM in LB, pH 7.2) to obtain a final HAM concen-
tration of 1 M. Samples were incubated on a rocker for 60 minutes
at room temperature. Then the methanol precipitation step was
repeated. The pellets were resuspended in 50 ll SB and scaled-up
to 250 ll with LB, pH 6.2. Two hundred fifty microliters Biotin-
BMCC buffer (10 lM Biotin-BMCC in LB, pH 6.2) was added to
each sample to make a final volume of 500 ll. The samples were
incubated on a rocker for 60 minutes at 4�C and then processed for
western blotting.

Quantification of Sulfhydryl Groups (Ellman’s Assay). To
evaluate the experimental efficiencies of NEM blocking, HAM depal-
mitoylation, and biotin-BMCC labeling, 5,50-dithio-bis-2-nitrobenzoic
acid (DTNB, also known as Ellman’s reagent) was used to quantify
the level of free sulfhydryl groups throughout the acyl-biotin ex-
change (ABE) palmitoylation assay. Fifteen-microliter samples were
saved after NEM incubation, HAM treatment, and Biotin-BMCC la-
beling. Five-microliter protein samples were added per well in tripli-
cate on 96-well plates. Different buffer systems under the three
experimental conditions were also added (5 ll/well) as blank controls.
Fifty microliters of Ellman’s reagent solution (4 mg/ml DTNB, 0.1 M
sodium phosphate pH 8.0, 1 mM EDTA) was added to each well and
incubated with protein samples at room temperature for 15 minutes.
Absorbance at 412 nm was measured using a Bio-Rad plate reader.

SDS-PAGE Gel Electrophoresis. SDS-PAGE was carried out
using the Bio-Rad mini-PROTEAN gel electrophoresis system. Pro-
tein samples from N2A, N2A APP, and HT22 cells and corresponding
shPREPL cells without or with rescue of PREPL, boiled in Laemmli
buffer at 95�C for 5 minutes, were loaded onto 10% gels along with
4-ll protein standards (Bio-Rad Precision Plus Dual Color #161-
0374). Sample stacking was carried out at 70 V followed by separa-
tion of the protein bands at 120 V until the dye front reached the gel
bottom.

Western Blotting. SDS-PAGE protein gels were transferred to
nitrocellulose membranes using Bio-Rad Trans-Blot Electrophoresis
Transfer System overnight at 25 V, 4�C. Nitrocellulose membranes
were blocked for 60 minutes in 5% skimmed milk dissolved in 50%
TBS-T (20 mM Tris, 140 mM NaCl, 0.05% Tween 20) and 50% Odys-
sey Blocking Buffer. The membranes were then incubated with pri-
mary antibodies (1:800 dilution in 50% TBS-T and 50% Odyssey
Blocking Buffer) for either PREPL, AP-1, calnexin, chromogranin A,
SNAP 25, VAMP2, Tau, phospho Tau S491 (pTau S491), phospho
Tau S698 (pTau S698), proprotein convertase 1 (PC1), or proprotein

convertase 2 (PC2) (Chakraborty et al., 2006) and tubulin (1:5000 as
loading control) overnight at 4�C on a rocking shaker. The next day,
membranes were washed three times with TBS-T and incubated
with anti-mouse or anti-rabbit LI-COR IRDye secondary antibodies
at 1:10,000 dilution for 60 minutes at room temperature. After incu-
bation with secondary antibodies, membranes were washed three
times with TBS-T and imaged using LI-COR Odyssey Infrared Imag-
ing System. To probe biotinylation in samples after ABE, LI-COR IR-
Dye Streptavidin CW800 (#626-32230) was added at 1:10,000
dilution along with IRDye secondary antibodies for 60 minutes at
room temperature before imaging.

Data Analysis and Statistics. Data analysis and graphical il-
lustration were performed using Prism 9.0 software. The P value cut-
off used in this study is 0.05. *, **, ***, and **** in the figures refer
to P # 0.05, # 0.01, # 0.001, and # 0.0001 respectively. The statisti-
cal analysis and the sample size are described in the figure legends.
We considered biologic replicates the measurements of biologically
distinct samples. In some experiments, we combined the data from
the two PREPL shRNA constructs and added as a biologic replicate.
In the graphs, the error bars indicate the standard deviation; each
dot represents a biologic replicate.

Results
PREPL Is a Network Driver Downregulated in Human

Sporadic LOAD Postmortem Samples. We have previously
reported on a large cohort of matched WGS and RNA se-
quencing (RNA-seq) data from 364 human postmortem brains
of late-onset Alzheimer’s disease and control subjects from the
Mount Sinai Biobank (MSBB) (Wang et al., 2018). These data
allowed us to conduct an integrative network analysis to char-
acterize the gene expression changes and critical molecular
pathways underlying vulnerability to LOAD at different
stages of disease progression. A Bayesian probabilistic causal
network (Zhu et al., 2007; Zhang et al., 2013) of gene-gene in-
teraction signaling maps was built by integrating WGS-based
expression quantitative trait loci (eQTLs), RNA-seq gene ex-
pression, and known transcription factor (TF)-target relation-
ships. In this Bayesian probabilistic causal network, PREPL,
downregulated by 30% in demented brains versus control
brains (t test, P 5 1.1E-7), was identified as a network hub
node by using the key driver analysis (Zhang et al., 2013;
Zhang and Zhu, 2013; Wang et al., 2021). Genes in the net-
work neighborhood of PREPL were significantly enriched for
genes downregulated in the demented brains [fold enrichment
(FE) 5 4.3, Fisher’s exact test (FET) P 5 7.4E-6] (Fig. 1A).
PREPL expression showed a negative correlation with a num-

ber of cognitive/neuropathological traits, including clinical de-
mentia rating (CDR) scale (Spearman’s correlation r 5 �0.47,
P 5 6.0E-13) (Fig. 1B), CERAD score (r 5 �0.41, P 5 5.1E-10),
Braak score (r 5 �0.44, P 5 4.7E-11), and mean plaque density
(r 5 �0.39, P 5 2.9E-9). A similar trend of PREPL expression
was noticed in the hippocampus of aged rats in that PREPL
mRNA levels decreased in older animals (Supplemental Fig. 1).
The disease-associated downregulation of PREPL in inhibi-
tory neurons (0.77-fold, P 5 2.8E-17) and astrocytes (0.71-fold,
P 5 2.9E-3) from brains with LOAD pathology was confirmed
using the single-nucleus RNA-seq (snRNA-seq) dataset from
the ROSMAP cohort (Mathys et al., 2019). In addition, this
snRNA-seq data revealed that PREPL was robustly expressed
in neurons at levels higher than other cell types, a pattern
consistently observed in separate human brain single-cell
RNA-seq data (Darmanis et al., 2015) (Fig. 1C).
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Fig. 1. PREPL is a network key driver downregulated in human sporadic LOAD postmortem samples. (A) Subnetwork around PREPL. Genes differen-
tially expressed in dementia brains are colored in blue (downregulated) or red (upregulated). PREPL is downregulated in AD brains. (Continued)
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PREPL-Centric Differential Correlation Analysis
Reveals Network Reconfiguration in LOAD Brains.
To further understand the functional context under which
PREPL operates in LOAD, we sought to test if PREPL exhib-
ited a loss or gain of connection with known gene ontology
(GO) and canonical pathway genes by Spearman’s correlation
coefficient analysis. For this purpose, we computed the corre-
lation of gene expression between PREPL and all other genes
annotated in the GO/pathway gene sets curated in the
MSigDB (v6.1) for dementia (CDR $1) and nondementia con-
trol brains (CDR <1) of the MSBB cohort separately (Fig.
1D). Then for each of the 7246 GO/pathway gene sets, we
compared the PREPL-centric correlation coefficients (r) of the
gene set members between dementia and nondementia con-
trol brains using Wilcoxon paired rank sum test. We found
that 1645 gene sets showed significant change of correlation
with PREPL in dementia versus nondementia brains at a
false discovery rate (FDR) #0.05, a majority (85.6%) of which
had loss of correlations. As shown in Fig. 1D, the top MSigDB
terms showing loss of correlations with PREPL include meta-
bolic pathways like catabolic process (mean decrease of r 5
�0.07 across pathway members, FDR-adjusted Wilcoxon
paired rank sum test P 5 1.7E-35) and RNA processing
(mean decrease of r 5 �0.1, adjusted P 5 1.5E-31). Interest-
ingly, immune system processes showed loss of correlations
by an average decreased r of �0.05 (adjusted P 5 2.3E-21).
Among the most significant GO/pathways with gain of correla-
tion are neuronal system related pathways such as synaptic
signaling (mean increase of r 5 0.15, adjusted P 5 6.9E-23),
synapse (mean increase of r 5 0.11, adjusted P 5 3.5E-22),
and excitatory synapse (mean increase of r 5 0.15, adjusted
P 5 5.7E-12).
Multiomics Analyses Reveal PREPL As a Modulator

of Protein Trafficking and Secretion. To explore how
PREPL modulates essential pathways related to AD patho-
genesis, we conducted RNA-seq analyses in PREPL knock-
down (KD) cells (Fig. 2). For these studies, we used a mouse
neuroblastoma cell line, Neuro 2A (N2A), and knockdown of
PREPL expression using PREPL shRNA. Knockdown of
PREPL was validated by qRT-PCR, imaging, and western
blot analysis (Supplemental Fig. 2). RNA-seq data analysis
identified 219 upregulated and 206 downregulated genes in
PREPL KD cells (Fig. 2A; Supplemental Table 1). PREPL
was marginally downregulated with 18% reduction (one-
tailed t test; P 5 0.027). A GO enrichment analysis for
PREPL KD signatures was carried out using the MSigDB
gene annotation collections. The enriched GO terms for the
downregulated genes are cholesterol biosynthesis, alcohol
metabolic process, and sterol metabolic process [up to 41.8-fold
enrichment (FE) and FDR-adjusted P 5 2.3E-18] (Fig. 2A;
Supplemental Table 2). The enriched GO terms for the upre-
gulated genes are multicellular organism signaling, trans-
porter complex and nervous system processes (up to 5.9-FE
and FDR-adjusted P 5 1.0E-3) (Supplemental Table 2). It is
interesting to note that the differentially expressed genes

(DEGs) in PREPL KD were enriched for both up- or downre-
gulated genes in human AD brains (Supplemental Table 3).
Next, we investigated the protein level changes using proteo-

mics analyses of PREPL KD by tandem mass spectrometry. In
total, 516 upregulated proteins and 528 downregulated proteins
were identified (Fig. 2B; Supplemental Table 4). Top GO path-
ways enriched in the differentially expressed proteins are shown
in Fig. 2B, with complete results summarized in Supplemental
Table 5. Upregulated proteins were mostly enriched for mito-
chondrial envelope and organelle inner membrane pathway
genes (up to 2.6-FE and FDR 5 9.5E-22), whereas downregu-
lated proteins were mostly enriched for the actin filament
bundle, actomyosin, and endoplasmic reticulum lumen (up to
3.5-FE, FDR5 5.2E-3). When overlapping with DEGs in human
AD brains, we found that only downregulated proteins presented
significant enrichment of AD DEGs (Supplemental Table 6).
Comparing the differentially expressed genes with proteins

in PREPL KD, we found 35 that were common (Fig. 2C),
among which 22 genes were consistent in the direction of
change between the two datasets (Fig. 2D).
Finally, the comparison between the top GO pathways en-

riched in RNA-seq (Supplemental Table 2) and proteomics
(Supplemental Table 5) data indicated a downregulation of
genes related to cholesterol biosynthesis and an upregulation
of proteins related to mitochondria compartment. Also, the up-
regulated proteins were generally involved in lipid transport,
steroid biosynthesis, and lipid catabolic processes. These re-
sults suggest a role for PREPL in lipid metabolism that could
result in modulating protein processing, trafficking, and
secretion.
PREPL Knockdown Impairs Cell Proliferation and

Survival. Next, we performed cellular studies to gain an in-
sight into the mechanisms of action of PREPL, and three dif-
ferent cell models were used for this: 1) N2A, 2) N2A APP,
and 3) a mouse hippocampal cell line (HT22), generating
PREPL KD with each (Supplemental Fig. 2).
One of the first observations from culturing PREPL KD

cells was the impairment in cell growth (Supplemental Fig.
3). To confirm this observation, we measured the growth of
viable cells in control and PREPL KD cells at different time
points. Cells with PREPL KD exhibited slower growth, and
at 72 hours there were 40%–60% fewer viable cells in both
N2A and HT22 PREPL KD cells compared with control
(Supplemental Fig. 3, A and C). Similar results were seen for
N2A APP cells—after 72 hours, the number of viable cells
was 80% fewer with PREPL KD compared with control
(Supplemental Fig. 3B, left panel). In a clonogenic assay,
N2A PREPL KD cells exhibited an 80% decrease in colony-
forming units (Supplemental Fig. 3A, right panel). It should
be noted that the number of nonviable cells was not increased
in N2A APP PREPL KD cells (Supplemental Fig. 3B, right
panel), suggesting that the reduction in cell proliferation and
survival is not related to an increase in cell death. To confirm
that changes in cell proliferation were directly connected to the
knockdown of PREPL expression, we overexpressed wild-type

(B) Violin and dot plot showing the distribution of PREPL expression stratified by CDR. The red dot in the middle is the median value, and the
red line in the center represents the interquartile range of the density estimate. There is a significant negative correlation between PREPL ex-
pression and CDR (Spearman’s r 5 �0.47, P 5 6.0E-13). (C) Brain cell type–specific expression of PREPL based on single-cell RNA-seq data
from (Darmanis et al., 2015). (D) Top gene ontology (GO) and pathways showing increased (left) or decreased (right) correlation with PREPL in de-
mentia brains. Y-axis denotes the mean difference of correlation coefficients between dementia and nondementia brains. Color intensity denotes ad-
justed Wilcoxon paired rank sum test P value.
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PREPL in HT22 control and PREPL KD cells. PREPL overex-
pression rescued the decrease in cell proliferation seen due to
knockdown (Supplemental Fig. 3C, middle panel). Next, we in-
vestigated the influence of extracellular components on cell
proliferation. Conditioned media from HT22 control cells was
supplemented into PREPL KD cells; this led to a partial rescue
of cell proliferation in PREPL KD cells (Supplemental Fig. 3C,
right panel). Overall, the results suggest that PREPL modu-
lates cell proliferation by a mechanism that could be related to
changes in the contents of the extracellular milieu.
PREPL Modulates Cell Morphology and AP-1 Levels.

A previous study, using mouse embryonic fibroblast cell lines,
identified an interaction between PREPL and AP-1, a protein
that mediates clathrin-coated transport vesicle formation and
protein sorting between the trans-Golgi network and endo-
somes (Wu et al., 2003); this led to the suggestion that PREPL
downregulation could lead to disruption of protein trafficking
compartments (Morawski et al., 2013; Radhakrishnan et al.,

2013). To explore this in our system, we first compared the
morphology of wild-type N2A (N2A) and N2A-PREPL KD
(PREPL KD) cells. Phase-contrast microscopy shows PREPL
KD cells to be larger in size compared with wild-type cells
(Fig. 3A). Images obtained using bright-field microscopy
(Fig. 3A) and fluorescence microscopy using CellBrite red
cytoplasmic membrane dye indicate that PREPL KD causes
morphologic alterations in the vesicular compartments, with
an increase of vesicle-like structures compared with the N2A
cells (Fig. 3C).
Next, we examined the effect of PREPL KD on the levels of

AP-1, a trans-Golgi network and endosome marker (Wu
et al., 2003) (Fig. 3B). Quantification of single-cell imaging
data (using high-throughput microscopy) shows significant
increases in AP-1 staining in N2A PREPL KD cells (Fig. 3D,
right panel). Western blot analysis of N2A, N2A APP, and
HT22 cells and corresponding PREPL KD cells also shows in-
creased AP-1 protein levels in PREPL KD cells (Fig. 3D;

Fig. 2. RNA-seq and proteomics analyses reveal
RNA and protein signatures induced by PREPL
KD. (A) Volcano plot showing the differential
gene expression induced by PREPL KD in N2A
cells using RNA-seq. Right panel shows top gene
ontology pathways enriched in the differentially
expressed genes caused by PREPL KD. (B) Volcano
plot showing the differential protein expression in-
duced by PREPL KD using proteomics. Right panel
shows top gene ontology pathways enriched in the
differentially expressed proteins caused by PREPL
KD. (C) Overlap between RNA and protein signa-
tures caused by PREPL KD. Although there are 425
DEGs by RNA-seq, only 93 (5 58 1 35) are present
in the proteomics data. (D) Scatter plot showing the
log2 fold change (FC) of the differentially expressed
genes that present consistent direction of change in
both RNA-seq and proteomics.
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Supplemental Fig. 4A). Interestingly, we find that PREPL
rescue in the PREPL KD cells leads to restoration of AP-1 to
levels similar to the control cells (Fig. 3D; Supplemental Fig. 4A).
These results suggest an association between PREPL deficiency
and Golgi dysfunctions as well as a potential role of PREPL in
the AP-1–mediated protein trafficking.
PREPL Regulates Protein Processing and Secretion.

We examined the effect of PREPL KD on components of the
regulated pathway of secretion; for this, we selected proprotein
convertase 1 and 2 (PC1 and PC2), enzymes involved in protein
processing, and also examined the levels of a secreted neuro-
peptide (VGF-derived peptide AQEE) (Fig. 3B). Using western
blot analysis and enzyme-linked immunosorbent assay (ELISA)
for AQEE, we find that PREPL KD leads to a significant de-
crease in the levels of neuropeptide processing enzymes and the
VGF-derived peptide AQEE (Fig. 4; Supplemental Fig. 4, B and C).
PREPL rescue in the PREPL KD cells leads to restoration of
PC1 and PC2 to levels similar to those seen in control cells
(Fig. 4; Supplemental Fig. 4, B and C). Next, we investigated
if the reduction in peptide processing activity affected secretion
of AQEE under stimulated and nonstimulated experimental
conditions. As expected, the levels of secreted AQEE were

augmented in controls after exposure to the depolarizing buffer
(Fig. 4E). However, PREPL KD cells exhibited a lower level of
secreted AQEE under both depolarizing and nondepolarizing
conditions (Fig. 4E). Together, our results demonstrate that
PREPL plays a role in modulating the secretory pathway that
regulates protein exocytosis.
G-Protein–Coupled Receptors Have Differential Dy-

namics of Internalization in PREPL KD Cells. To ex-
plore if PREPL plays a role in protein endocytosis, we examined
the kinetics of G-protein–coupled receptor (GPCR) internaliza-
tion. GPCRs, upon receptor activation, are known to be inter-
nalized and transported to endosomal compartments, followed
by either degradation or recycling to cell surface (Eichel and
von Zastrow, 2018). The dynamic processes of receptor inter-
nalization and recycling are also dependent on the different
members of the adaptor protein family and clathrin-coated
vesicles (von Zastrow and Sorkin, 2021).
To investigate the effect of PREPL KD on the endocytic

mechanism, we treated N2A and N2A PREPL KD cells with
deltorphin II, a classic delta opioid receptor (DOR) agonist, or
with HU210, a potent cannabinoid receptor (CB1R) agonist.
The level of internalized GPCRs was assessed by ELISA

Fig. 3. PREPL modulates the distribution of dense-core vesicle structures, increasing the distribution of adaptor protein-1 (AP-1). (A, left panels)
N2A cells and cells with PREPL knockdown grown in 10 cm2 dishes were imaged as described in Materials and Methods. Representative image
shows that PREPL knockdown alters the morphology of N2A cells. (A, right panels) Representative bright-field microscopy images at 40× magnifi-
cation showing changes in the vesicle compartment of N2A shPREPL compared with N2A control cells. (B) Schematic of subcellular compartments
and proteins related to protein processing and secretion. (C) Representative confocal microscopy images (100×) of live N2A (labeled with green
CMFDA dye) and of N2A shPREPL (expressing GFP fluorescence) cells, where intracellular membranes were labeled with a cytoplasmic mem-
brane dye (red), show that PREPL knockdown alters the size and number of intracellular vesicles. (D, left panel) Distribution of AP-1 in N2A con-
trol and N2A shPREPL cells using high throughput microscopy. Each dot represents a counted cell. Welch’s t test, ****P < 0.0001. (D, middle
and right panels) Representative western blot (original in Supplemental Fig. 4) and quantification showing that two different shPREPL con-
structs (shPREPL A and shPREPL D) cause an increase in AP-1 protein levels and that PREPL expression in knockdown cells rescues wild-type
phenotype. One-way ANOVA with Tukey’s multiple comparison test; *P < 0.05, **P < 0.01, ns 5 not significant.
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(Fig. 4, F–I). DOR internalization could be detected after
10 minutes of treatment with the agonist in control cells (Fig. 4F)
and was reduced in PREPL KD cells since even after 60 minutes
of agonist exposure, the level of DOR at the membrane was sig-
nificantly higher in PREPL KD cells (60% of DOR at the cell sur-
face) compared with control cells (20% of DOR at the cell surface)
(Fig. 4G). Similar observations were made with CB1R (Fig. 4,
H and I). These results support the idea that PREPL plays a
role in protein trafficking.
PREPL Modulates Levels of Intracellular Vesicles/

Compartments. Since our studies suggest the involvement
of PREPL with pathways related to protein processing, secre-
tion, and receptor trafficking, we examined the effect of PREPL
knockdown on levels of a number of proteins associated with
intracellular vesicles: 1) calnexin, an endoplasmic reticulum
marker; 2) chromogranin A (CgA), a secreted protein that
can serve as a marker for dense core vesicles; and 3) vesicle-
associated membrane protein 2 (VAMP2) and synaptosomal-

associated protein 25 (SNAP25), proteins responsible for medi-
ating fusion of synaptic vesicles for neurotransmitters release
(Fig. 3B). Single cell imaging and western blot analysis detect
decreases in the levels of calnexin, CgA, and VAMP2 and
increases in SNAP25 levels in PREPL KD cells (Fig. 5;
Supplemental Fig. 5). These results are consistent with those
of proteomics analyses that found members of the SNARE
family to be downregulated in PREPL KD cells (Fig. 2). The
decreased expression of chromogranin A, a protein associated
with Ab accumulation (Lechner et al., 2004; Mattsson et al.,
2010), also correlates with the decrease seen in the multiomics
analysis of PREPL KD cells (Fig. 2). We also find that PREPL
rescue in the PREPL KD cells leads to restoration of calnexin,
chromogranin A, SNAP25, and VAMP2 to levels similar to those
in control cells (Fig. 5; Supplemental Fig. 5).
Next, to assess the localization of PREPL with various en-

dosomal compartments in N2A cells by confocal microscopy,
we used the following markers of endosomal compartments:

Fig. 4. PREPL knockdown downregulates proteins
related to protein processing and secretion and
modulates agonist-induced G-protein–coupled re-
ceptor endocytosis. (A and B) Representative west-
ern blots (originals in Supplemental Fig. 4) and
quantification showing that two different shPREPL
constructs (shPREPL A and shPREPL D) cause a
decrease in PC1 (A) and PC2 (A) levels in N2A and
HT22 cells and that PREPL expression in knock-
down cells rescues wild-type phenotype. One-way
ANOVA with Tukey’s multiple comparison test;
*P < 0.05, **P < 0.01, ****P < 0.0001, ns 5 not
significant. (C and D) Whole-cell ELISA showing
that knockdown of PREPL (shPREPL) in either
N2A (C) or HT22 (D) cells decreases the levels of
PC1, PC2, and VGF-derived peptide AQEE. Welch’s
t test; **P < 0.01, ***P < 0.001, ****P < 0.0001.
(E) Levels of the secreted VGF-derived peptide
AQEE were measured by ELISA using N2A APP
control and N2A APP shPREPL cells under depola-
rizing (Depol) and nondepolarizing (non-depol) con-
ditions. Each dot represents a biologic replicate.
Welch’s t test; *P < 0.05, ****P < 0.0001. (F and G)
The internalization of the delta opioid receptor
(DOR) (F and G) was measured by ELISA using
N2A wild-type and N2A shPREPL cells treated with
1 lM deltorphin II (for DOR) for 0–120 minutes.
(G) Percentage of cell surface receptors after 2-hour
treatment with deltorphin II is shown. (H and I)
The internalization of the CB1 cannabinoid receptor
(CB1R) was measured by ELISA using HT22 wild-
type and HT22 shPREPL cells treated with 100 nM
of HU210 for 0–120 minutes. (I) Percentage of cell
surface receptors after 1-hour treatment with HU210
is shown. Data represent mean ± S.D. (n 5 3). Two-
way ANOVA was used to compare the cell surface
receptor expression between control and PREPL KD
cells at different time points; *P < 0.05, **P <
0.005.
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Rab 5 for early endosomes, Rab 7 for late endosomes to lyso-
some transport, Rab 9 for late endosome to TGN transport,
TGN38 for Golgi, and calnexin for ER. We found that PREPL
exhibits colocalization with all of these markers, albeit to dif-
ferent extents (Supplemental Fig. 6). Interestingly, compari-
son of staining for these vesicular markers between N2A and
N2A with PREPL KD cells shows increased numbers and/or
density of these vesicles in PREPL KD cells (Supplemental
Fig. 6). Together, these results support the idea that PREPL
regulates vesicular trafficking.
PREPL Modulates Cellular Hallmarks of AD. Next,

we assessed the levels of extracellular amyloid beta-42 (Ab42) and
extent of Tau phosphorylation to investigate if changes in PREPL
expression affect these cellular hallmarks of AD (Fig. 6).
The accumulation of Ab peptides, particularly Ab42 (42 amino

acid length), is known to be an early trigger for AD pathogenesis
(Selkoe and Hardy, 2016). Analysis of extracellular levels of

Ab42 by ELISA (using conditioned media from N2A APP and
PREPL KD cells) detected elevated levels of Ab42 peptides in
PREPL KD cells compared with controls (Fig. 6A). Next, we ex-
amined Tau phosphorylation using phospho-specific antibodies
to various phospho-sites on Tau since phosphorylation of Tau at
specific residues has been reported to affect its interaction with
microtubules and induce neurofibrillary tangles (NFLs) (Augus-
tinack et al., 2002; Foidl and Humpel, 2018). First, we validated
the phospho-specific Tau antibodies that were generated using a
yeast-display technology (Lemos Duarte et al., 2021). Quantita-
tion of single-cell imaging of N2A cells with Tau KD shows a de-
crease in the fluorescence staining with all of the antibodies
tested (Supplemental Fig. 7). Of interest is the staining of
PREPL KD cells with phospho-specific antibodies against the
residues S491, S554, and S698 of mouse PNS-Tau isoform.
These epitopes have 100% identity to human Tau and corre-
spond respectively to S199, S262, and S396 of human 2N4R

Fig. 5. PREPL modulates the levels of cal-
nexin, chromogranin A, SNAP25, and VAMP2.
Levels of calnexin (A), chromogranin A (CgA)
(B), SNAP25 (C), and VAMP2 (D), were de-
termined by high-throughput microscopy
(quantitation on left panels) or by western
blot analysis (middle and right panels) as
described in Materials and Methods using
either N2A (N2A APP for microscopy analy-
sis of SNAP25 and VAMP2) or shPREPL
knockdown cells. In the volcano plot, each
dot represents a counted cell, and the dashed
lines represent the mean and standard error.
Welch’s t test; ****P < 0.0001. For westerns,
a representative blot (original in Supplemental
Fig. 5) is shown (middle panels). (Right panels)
Quantification showing that two different
shPREPL constructs (shPREPL A and
shPREPL D) cause a decrease in calnexin,
CgA, and VAMP2 and an increase in
SNAP25 protein levels; PREPL expression
in knockdown cells rescues wild-type pheno-
type. One-way ANOVA with Tukey’s multi-
ple comparison test; *P < 0.05, **P < 0.01,
***P < 0.001, ns 5 not significant.
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isoforms. Initially, we noticed a reduction in the expression of to-
tal Tau in PREPL KD (Fig. 6B). However, comparison of the ra-
tio of Tau phosphorylation to total Tau suggests that PREPL
can differentially modulate Tau phosphorylation at specific resi-
dues. More specifically, we noticed a decrease in phosphory-
lation levels at residues S491 and S554 and an increase in
the phosphorylation of the residue S698 in PREPL KD cells
(Fig. 6; Supplemental Fig. 7). Decreases in Tau and phospho
Tau S491 and increases in phospho Tau S698 levels in PREPL
KD cells were confirmed by western blot analysis. Finally,
PREPL rescue in these cells leads to restoration of the signal to
levels similar to those seen in control cells (Fig. 6; Supplemental
Fig. 7).
PREPL Modulates Long-Term Potentiation in Hippo-

campus. To determine the role of PREPL in hippocampal syn-
aptic transmission, we used field electrophysiology (Fig. 7).
For these studies, PREPL was knocked down using antisense
oligodeoxynucleotides (ODNs). We tested three different ODN
constructs and selected the construct 50G*T*T*AGTCGGCCAT
CGGCA*T*G*C-3 (named ODN3) that was found to reduce
PREPL expression by 70% (Supplemental Fig. 8).
To assess whether PREPL expression impacts presynaptic

function, we first estimated the probability of release (Pr) by
analyzing paired-pulse facilitation (PPF), a form of short-term

synaptic plasticity. This form of short-term synaptic plasticity
is determined, at least in part, by changes in probability of
presynaptic neurotransmitter release (Zucker and Regehr, 2002).
We found that PPF in mice with PREPL KD was not different
from control mice (injected with oligos) (Fig. 7B), which rules out
effects on presynaptic function.
Next, we investigated the effects of PREPL KD on hippocam-

pal long-term potentiation (LTP). After inducing the CA3-CA1
LTP, we observed an LTP deficit in PREPL-ODN–injected
mice compared with scrambled-ODN–injected mice (Fig. 7C).
Since impairment in hippocampal LTP has been described as a
cellular/molecular correlate of memory (Nalbantoglu et al., 1997;
Gelman et al., 2018) and loss of memory is a hallmark of AD,
our results support the notion that PREPL plays a role in modu-
lating synaptic plasticity.
PREPL Role in Modulating Protein Palmitoylation

Process. A recent study reported PREPL to have a (thio)es-
terase activity and function as a depalmitoylating enzyme
(Rosier et al., 2021). As one of the key posttranslational modifica-
tions for protein trafficking, protein palmitoylation involves the
addition of 16-carbon palmitoyl acid to the free thiol groups of
the cysteine residues in proteins (Linder and Deschenes, 2007).
Since, PREPL KD affects metabolic proteins related to lipid
synthesis and degradation (Fig. 2) we assessed the potential

Fig. 6. PREPL modulates important hall-
marks of AD in N2A APP cells. (A) ELISA
measuring extracellular levels of Ab42
peptides. Each dot represents a counted
cell. Welch’s t test; ****P < 0.0001. (B, D,
and F) Quantitation of Tau phosphoryla-
tion measured by high-throughput micros-
copy analysis using antibodies against
specific phosphorylated Tau residues. Cell
Profiler was used to quantitate the fluores-
cence intensity. The levels of phosphorylation
were normalized by dividing the fluorescence
intensity measurements for each cell with
the mean fluorescence intensity of total Tau.
Each dot represents a counted cell; cell num-
bers are shown in the graph. Welch’s t test;
****P < 0.0001. (C, E, and G) A representa-
tive blot (original in Supplemental Fig. 7) for
Tau, phospho TauS491 (pTau S491), and
phospho TauS698 (pTau S698) is shown
(middle panels). (Right panels) Quantification
showing that two different shPREPL con-
structs (shPREPL A and shPREPL D) cause
a decrease in Tau and pTau S491 and an in-
crease in pTau S698 protein levels; PREPL
expression in knockdown cells rescues wild-
type phenotype. One-way ANOVA with
Tukey’s multiple comparison test; **P <
0.01, ***P < 0.001, ns 5 not significant.
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role of PREPL in protein palmitoylation in N2A cells using
the acyl-biotin exchange protocol (Brigidi and Bamji, 2013;
Edmonds et al., 2017) (Fig. 8, A–C). Comparison of the levels
of palmitoylated proteins in wild-type cells with PREPL KD
cells (Fig. 8, D and E) shows that there is an increase in the
intensity of biotinylated protein in PREPL KD cells (Fig. 8E).
These results are consistent with an overall increase of total

protein palmitoylation in PREPL-deficient cells, supporting the
potential involvement of PREPL in protein depalmitoylation.
Next, we directly examined this using palmostatin M, an acyl
protein thioesterase inhibitor reported to block PREPL activity
(Rosier et al., 2021). We find that palmostatin M treatment re-
duces cell viability and more importantly GPCR endocytosis
(Figs. 4 and 8; Supplemental Fig. 3) to a manner similar to

Fig. 7. PREPL modulates long-term potentiation in hippocampus. Basal synaptic transmission and synaptic plasticity in CA1 after PREPL ODN
administration. C57BL6 mice were injected bilaterally in the hippocampi with scrambled ODN (Scr ODN, 50-T*T*C*TCCGAACGTGTCAAT*C*G*T-30)
or PREPL ODN (50-G*T*T*AGTCGGCCATCGGCA*T*G*C-30), sacrificed after 5 hours, and hippocampal slices used for electrophysiological recordings.
(A) Basal synaptic transmission. (B) Paired-pulse facilitation (PPR). (C) Long-term potentiation (LTP). LTP induced by theta-burst stimulation (four
pulses at 100 Hz repeated with 10-millisecond interburst intervals) is significantly impaired in PREPL ODN mice (three male mice, five slices, t test,
P < 0.001).

Fig. 8. PREPL knockdown increases total levels of palmitoylated proteins. (A) Schematic representation of the ABE protocol steps. The free thiol
groups from the total protein lysate were blocked with N-ethylmaleimide (NEM). Next, the palmitoyl groups were cleaved using hydroxylamine
(HAM). After depalmitoylation, the remaining thiol groups were biotinylated. Lysates containing the palmitoylated proteins tagged with biotin
were subjected to SDS-PAGE followed by transfer to nitrocellulose membranes. Membranes were stained with biotin/streptavidin, and band inten-
sities were quantified using ImageJ. (B) Using Ellman’s reagent, the percentage of free thiol groups was quantified after treatment with different
concentrations of NEM for 16 hours at 4�C. (C) The percentage of free thiol groups after each step of the ABE protocol, using Ellman’s reagent.
(D) The biotinylation of palmitoylated thiol groups was probed with streptavidin IRDye 800CW. Representative blot of two independent experi-
ments. As a loading control, the blot was probed with tubulin. (E) Band intensities of biotinylated proteins were measured by densitometry in dif-
ferent regions of interests (ROIs) using ImageJ. The measurements were made at all of the different molecular weights. Each dot represents an
individual densitometry measurement of bands in a selected ROI. The biotin intensities were normalized to endogenous control. Data are the
mean of two independent experiments with two different shPREPL constructs. Welch’s t test; ****P < 0.0001. (F) N2A cell proliferation rates
were obtained by measuring the number of viable cells at different time points (0–72 hours) in the absence or presence of palmostatin M (20 and
50 lM) as described in Materials and Methods. (G) DOR internalization was measured by ELISA using N2A cells treated with 1 lM deltorphin II
for 0–120 minutes in the absence or presence of palmostatin M (20 lM) as described in Materials and Methods. (H) CB1R internalization was
measured by ELISA using N2A cells treated with 100 nM of HU210 for 0–120 minutes in the absence or presence of palmostatin M (20 lM) as de-
scribed in Materials and Methods. Data (G and H) represent mean ± S.D. (n 5 3).
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what was observed with PREPL KD cells. Together, these data
support a role for PREPL in protein palmitoylation confirming
a depalmitoylating activity for PREPL.

Discussion
PREPL deficiency has been associated with hypotonia-

cystinuria syndrome in humans (R�egal et al., 2014, 2018), an
autosomal recessive genetic disease caused by microdeletions
of SLC3A1 and PREPL at chromosome 2p21 (Jaeken et al.,
2006). Further studies of subjects with isolated PREPL defi-
ciency revealed growth hormone deficiency (R�egal et al., 2018;
Sayol-Torres et al., 2021) and moderate intellectual disability
(Silva et al., 2018; Yang et al., 2020). Furthermore, it was
noted that biallelic PREPL mutations alone (without involve-
ment of other genes) can cause intellectual disability (Silva
et al., 2018). Together, this led to the hypothesis that PREPL
is involved in learning, memory, and cognition. PREPL defi-
ciency has also been associated with AD (Morawski et al., 2013;
Zhang et al., 2013; Zhang and Zhu, 2013; Beckmann et al.,
2020; Wang et al., 2021). PREPL expression was found to be de-
creased in the pyramidal layer V of the cortex of AD patients’
brains (Morawski et al., 2013). Moreover, PREPL was found
to be a potential key network driver downregulated in LOAD
(Fig. 1). In this study, we identify and characterize PREPL as
a new potential regulator of AD pathogenesis. We find impair-
ment in cellular memory (long-term potentiation) by PREPL
knockdown in mouse hippocampus, consistent with the idea
that PREPL contributes to learning and memory by affecting
synaptic transmission.
An observation of our study is that paired pulse ratio is not

affected by knockdown of PREPL, which would appear to con-
tradict observations made by others demonstrating that
PREPL plays a role in vesicle secretory functions (Morawski
et al., 2013; Radhakrishnan et al., 2013). A potential reason
for this could be that PREPL affects a distinct pool of vesicles.
There are two different pools of vesicles in the presynaptic
terminal, small synaptic vesicles that carry fast-acting neuro-
transmitters such as glutamate, GABA, acetylcholine, and
glycine as well as dense core vesicles that contain larger neu-
ropeptide transmitters and hormones (Park and Kim, 2009).
There are also differences in the strength of stimuli needed to
release the contents of these vesicles (Park and Kim, 2009).
Releasing the content of dense core vesicles requires repeti-
tive sustained stimuli, whereas for small synaptic vesicles a
shorter duration of activity such as a single action potential is
needed (Park and Kim, 2009). In our paired pulse ratio experi-
ments, only a brief stimulation was applied to the brain slice;
this is not enough to induce a release of the dense core vesicle
contents. Thus, the lack of differences in paired pulse ratio sug-
gests that PREPL may not be involved in the release of small
synaptic vesicles (which release the chemical neurotransmitters)
to the same extent as dense core vesicles. In addition, when
measuring paired pulse ratio, we are measuring the actions
of the excitatory neurotransmission due to glutamate release;
therefore, our readout may not be capturing a functional re-
lease of dense core vesicles.
Previous studies characterized the interaction between PREPL

and adaptor protein AP-1, suggesting a role for PREPL in intra-
cellular protein trafficking (Morawski et al., 2013; Radhakrishnan
et al., 2013). We and others have found that PREPL is localized
to vesicular compartments and that its expression regulates the

expression and function of proteins involved in protein exocy-
tosis, endocytosis, and secretion (Figs. 3–5; Supplemental
Figs. 4–6). Of particular interest is the regulation of secretion
of neuropeptides such as VGF-derived peptides (Fig. 4). VGF
is a neuropeptide precursor, known to be processed to several
peptides, that is responsible for modulation of physio/pathologic
functions such as spatial memory. In brain tissues and CSF
samples from AD patients, VGF levels are consistently de-
creased (Quinn et al., 2021). In 5× FAD mice, overexpression
of VGF partially rescued beta-amyloid–mediated memory
impairment and neuropathology (Beckmann et al., 2020). Thus,
it is likely that decreased VGF-peptide levels, in combination
with decreased expression of vesicle-associated proteins under
conditions of decreased expression of PREPL, could contribute,
at least in part, to the AD pathogenesis (Park et al., 2020).
In this study, we also found increases in Tau phosphoryla-

tion at select sites in cells with decreased expression of
PREPL. It has been suggested that although phosphorylation
at S262 of human Tau (corresponding to S554 mouse TAU) is
important to Tau interaction with microtubules, it may not
contribute to the initial steps of NFT formation (Biernat
et al., 1993; Cabrales Fontela et al., 2017). Interestingly,
phosphorylation of S199 (corresponding to S491 mouse Tau)
leads to changes in Tau conformation, which further triggers the
sequestering of other Tau molecules (Augustinack et al., 2002).
Moreover, phosphorylation of S396 of 2N4R (corresponding to
S698 mouse Tau) was mainly found in NFTs, with a strong as-
sociation with plaque formation (Alonso et al., 2004; Foidl
and Humpel, 2018). Here we show that PREPL expression
can modulate Tau phosphorylation, a crucial step for NFT
formation, at specific residues. Further studies need to
characterize the mechanism of how PREPL modulates Tau
phosphorylation.
In recent years, multiomic approaches have been useful in

prioritizing and guiding targeted studies. We used a combi-
nation of RNA-seq and proteomics profile of PREPL KD cells
and identified genes and proteins related to AD that are dif-
ferentially expressed in PREPL KD cells. Genes and proteins
related to synaptic signaling exhibited differential expres-
sions in PREPL KD cells (Fig. 2; Supplemental Tables 2 and
5). For example, annexin A6 (AnxA6), associated with mem-
brane-related events such as vesicle fusion during exocytosis
(Croissant et al., 2020), was found to be decreased in PREPL
KD cells. The RNA-seq data pointed to downregulation of
genes related to cholesterol biosynthesis, and the proteomics
data indicated the upregulation of proteins involved in fatty
acid degradation (Fig. 2; Supplemental Tables 1 and 2). At
the biochemical level, these hydrophobic molecules are back-
bones of an important posttranslational modification, protein
lipidation. Among the protein lipidation processes, palmitoy-
lation is characterized by sorting signal for intracellular pro-
tein trafficking (Morello and Bouvier, 1996).
PREPL is found to interact with small molecules character-

ized to inhibit depalmitoylases (Martin et al., 2011; Lin and
Conibear, 2015; R�egal et al., 2018). A recent study demon-
strated that PREPL functions as a depalmitoylating enzyme
(Rosier et al., 2021). Our findings are consistent with this
since we find that decreases in PREPL expression lead to in-
creases in protein palmitoylation and that inhibition of
PREPL’s activity with palmostatin M impairs protein traf-
ficking. This supports a function for PREPL in regulating
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protein palmitoylation, consistent with the pleotropic pheno-
types in protein trafficking seen with PREPL KD cells.
It is important to highlight that the palmitoylation of pro-

teins studied in this manuscript has been associated with AD
pathogenesis. For instance, levels of APP palmitoylation
showed an age-dependent increase in mouse brains, which
might account for the AD progression during aging (Gelman
et al., 2018). In addition, the palmitoylation of SNARE pro-
teins such as SNAP25 and VAMP2 is responsible for their
subcellular distribution (Huang et al., 2009), and dysfunction
of the SNARE complex is associated with several neurophysi-
ological disorders. Therefore, the molecular changes noticed
in PREPL KD cells might be connected to the alteration of to-
tal protein palmitoylation levels. Thus, PREPL deficiency in
AD may subsequently lead to the deregulation of protein lipi-
dation and ultimately facilitate AD progression. Further
studies are needed to 1) identify proteins whose palmitoyla-
tion pattern is modulated by PREPL and characterize their
involvement in vesicle trafficking and protein processing; 2)
examine how changes in protein palmitoylation affect Tau
phosphorylation at specific residues to better understand the
mechanisms involved in AD pathogenesis; and 3) character-
ize the impact of PREPL modulation in classic animal models
of AD, examining levels of protein palmitoylation in the hip-
pocampus and other brain regions and how this affects learn-
ing and memory deficits associated with AD pathogenesis.
Taken together, our results suggest that PREPL might

have a pleiotropic function during AD development. Modula-
tion of PREPL expression can affect cell proliferation and the
distribution of dense-core vesicles, decrease expression of pro-
teins related to protein processing and secretory pathways,
alter synaptic long-term potentiation, increase extracellular
Ab42, and modulate Tau phosphorylation at specific residues.
The potential role of PREPL in protein palmitoylation might
be the connection for the pleiotropic effects of PREPL knock-
down in pathways related to protein processing, trafficking,
and synaptic plasticity.
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